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Normal Patterns of Spontaneous Activity Are
Required for Correct Motor Axon Guidance
and the Expression of Specific Guidance Molecules
in the LGN and superior colliculus (Grubb et al., 2003;
McLaughlin et al., 2003).
Although these studies demonstrate that patterned
electrical activity is important in the refinement of con-
nections within a target, it is unknown whether it plays
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a role in earlier pathfinding decisions. In the spinal cords
of both mouse and chick embryos, rhythmic bursts of
activity, which propagate throughout the cord and bearSummary
many similarities to retinal waves, occur at early devel-
opmental stages (Milner and Landmesser, 1999; HansonRhythmic spontaneous electrical activity occurs in
many parts of the developing nervous system, where and Landmesser, 2003), when motor axons have just
exited the spinal cord, segregated into motoneuronit plays essential roles in the refinement of neural con-
nections. By blocking or slowing this bursting activity, pool-specific fascicles, and made a major dorsal-ventral
(D-V) pathfinding decision.via in ovo drug applications at precise developmental
periods, we show that such activity is also required at By characterizing the cord circuits that generate this
activity, we were able to abolish or alter the frequencymuch earlier stages for spinal motoneurons to accu-
rately execute their first major dorsal-ventral pathfind- of spontaneous rhythmic bursting in chick by chronic
in ovo application of drugs that interfered with specificing decision. Blockade or slowing of rhythmic bursting
activity also prevents the normal expression patterns transmitter systems at different developmental stages.
We provide evidence that altering this activity beforeof EphA4 and polysialic acid on NCAM, which may
contribute to the pathfinding errors observed. More and during the time that motor axons were making dor-
sal-ventral pathfinding decisions resulted in altered fas-prolonged (E2–5) blockade resulted in a downregula-
tion of LIM homeodomain transcription factors, but ciculation in the plexus and axon pathfinding errors. In
addition, the expression of several guidance/adhesionsince this occurred only after the pathfinding errors
and alterations in guidance molecules, it cannot have molecules was altered by the same drug treatments and
may contribute to the pathfinding errors.contributed to them.
Introduction Results
Axons require multiple cues to be guided to their targets, Soon after motor axons exited the spinal cord (E4, St
and many molecules that are involved in these guidance 24), extracellular suction electrode recordings from
events have been identified (Dickson, 2002). A general them demonstrated the presence of spontaneous rhyth-
consensus has emerged that such molecular mecha- mic bursting episodes (Milner and Landmesser, 1999).
nisms are most commonly used for pathfinding to the In both chick and mouse, nicotinic cholinergic transmis-
target area and that it is only within the target that electri- sion is required for the generation of these spontaneous
cal activity contributes to the fine tuning of the connec- episodes during the period of axon growth and initial
tions (Katz and Shatz, 1996; Crair, 1999; Erzurumlu and target innervation (Milner and Landmesser, 1999; Han-
Kind, 2001; Sengpiel and Kind, 2002). son and Landmesser, 2003). Motoneurons, acting via
In the visual system, spontaneous activity has been axon collaterals, play an essential role in generating the
implicated in the refinement of connections within vari- rhythmic activity (Hanson and Landmesser, 2003), but
ous circuits (Shatz and Stryker, 1988; Chapman and GABAergic and glycinergic interneurons, acting in an
Stryker, 1993; Penn et al., 1998; Weliky and Katz, 1999; excitatory manner, also contribute. This rhythmic activ-
Chapman and Godecke, 2000; Stellwagen and Shatz, ity can thus be blocked or slowed in isolated mouse
2002). Prior to sensory input, the retina produces spon- and chick cords by the glycine receptor antagonist
taneous waves of electrical activity (Maffei and Galli- strychnine (Hanson and Landmesser, 2003; see also Ni-
Resta, 1990; Meister et al., 1991; Wong et al., 1993), and shimaru et al., 1996) or the GABAA receptor antagonists
cholinergic transmission is critical for generating these bicuculline or picrotoxin (Milner and Landmesser, 1999;
waves at early developmental stages, when segregation Hanson and Landmesser, 2003).
of retinal afferents is occurring (Feller et al., 1996; Penn A previous study from this laboratory showed that
et al., 1998; Bansal et al., 2000). Furthermore, blockade the GABAA receptor agonist muscimol, when chronically
of cholinergic transmission with either receptor antago- applied in ovo during motor axon outgrowth (St 20–26),
nists or the genetic deletion of the nicotinic acetylcholine resulted in many motoneuron somata that were inappro-
receptor (nACHR) 2 subunit abolished these waves, priately positioned for the muscle to which they pro-
inhibited layer specific segregation of retinal axons in jected (Milner, 1999). However, it was unclear if these
the lateral geniculate nucleus (LGN) (Penn et al., 1998; were due to motoneuron pathfinding or somal migration
Bansal et al., 2000, Rossi et al., 2001; but see Huberman errors. Here, we attempted to alter activity chronically,
et al., 2003), and altered aspects of retinal topography not by muscimol, which would bind to and activate all
relevant receptors present, but by interfering only with
the action of endogenously released GABA or glycine.*Correspondence: lynn.landmesser@cwru.edu
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Figure 1. Effect of Chronic In Ovo Drug Treatments on the Frequency of Spontaneous Rhythmic Bursting Episodes
(A) At St 23, rhythmic bursts are recorded from ventral root fascicles.
(B and C) The interval between these bursts in isolated cord preparations (B) and the interval between in ovo axial movements (C) are
significantly slowed by picrotoxin (#p  0.05).
(D–F) Bar graphs showing the interval between spontaneous bursting episodes between St 25 and 30 in embryos chronically treated with
picrotoxin, strychnine, or combined picrotoxin/strychnine from St 20 until the age sacrificed. Each graph shows values for controls (open
bars), drug-treated embryos dissected in the continued presence of the drug (black bars), and drug-treated embryos following drug washout
(gray bars). Complete blockade of bursting is denoted by asterisks.
(G) Suction electrode recordings from crural nerves from a St 25 chronic picrotoxin-treated embryo, following dissection in 50 M picrotoxin
(top trace) and upon drug washout.
(H) Similar recordings from an embryo chronically treated with strychnine.
(I) The frequency of such unit activity occurring between episodes was significantly greater (#p  0.05) following chronic picrotoxin treatment.
(J and K) Spontaneous single-unit activity (arrowheads) occurring between rhythmic episodes in St 23 control (J) or chronic picrotoxin-treated
embryos (K).
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Acute application of strychnine or picrotoxin slowed the chronic treatment with picrotoxin slows or blocks spon-
taneous rhythmic bursting prior to St 26, when motorfrequency of spontaneous bursting in early chick cord
(St 25–25.5), but since homeostatic mechanisms exist axons are reorganizing into pool-specific fascicles and
making their major D-V pathfinding decision, but notthat can restore spontaneous activity in the continued
presence of a blocking drug (Chub and O’Donovan, later during the divergence of muscle nerves and initial
muscle innervation.1998; Milner and Landmesser, 1999), it was essential to
determine the effect of chronic in ovo drug application. Glycine, acting through strychnine-sensitive glycine
receptors, acutely blocks spontaneous bursting epi-
sodes in St 25 isolated chick cord-hindlimb preparationsChronic In Ovo Application of Drugs that Block GABA
(Hanson and Landmesser, 2003). However, when strych-or Glycine Receptors Alters the Frequency
nine (1 mg/egg/day) was administered chronically in ovoof Spontaneous Bursting Episodes
from St 20 to 21, cords isolated from such embryosduring Motoneuron Axon Outgrowth
at St 25 exhibited rhythmic episodes in the continuedAt St 22.5–23, as motor axons were just reaching the
presence of 5 M strychnine that were not different (Stbase of the limb, recordings from spinal nerve fascicles
25) or only slightly less frequent (St 25.5) than controlsin isolated spinal cord preparations revealed rhythmic
or embryos in which strychnine had been washed outbursts of spontaneous activity occurring every 2 min
(Figures 1E and 1H). In contrast, from St 28 on, rhythmic(Figures 1A and 1B). Acute application of the GABAA
activity was completely abolished and only upon drugreceptor antagonist picrotoxin (50 M) slowed the fre-
washout resumed to control levels (Figure 1E). Whenquency, but upon drug washout it rapidly returned to
picrotoxin and strychnine were applied simultaneouslycontrol values (Figure 1B). Although motor axons had
(Figure 1F), spontaneous bursting activity was blockedjust grown to the base of the limb, and limb muscles
at all stages studied (St 25–30). These data show thathad not yet formed, the bursts of spontaneous electrical
spontaneous bursting activity is affected by chronicactivity exhibited one-one correlations with S-shaped
strychnine only at later stages of development, whilemovements of the trunk musculature. Therefore, such
the converse is true for blockade of GABAA receptors.movements could be used to monitor the effects of
Thus, we could compare the effect of blocking or slow-in ovo drug application on spontaneous cord activity.
ing spontaneous rhythmic activity at precise stages onThese in ovo movements were significantly slowed
motor circuit development.by acute picrotoxin application (0.05 mg in 100 l of
In all conditions that blocked rhythmic bursting activ-Tyrode’s solution to the chorioallantoic membrane; Fig-
ity, spontaneous unit activity could still be recorded fromure 1C; 1 acute picrotoxin), while a 10-fold lower dose
the nerves. Thus, during chronic strychnine, picrotoxin,(0.1 acute picrotoxin) was without effect. Based on
or combined treatments, motoneurons were still firingthe threshold concentration of picrotoxin (50 M) that
spontaneously, but this activity was not organized intoslows the frequency of spontaneous episodes in iso-
rhythmic bursts. We evaluated the extent to which over-lated cords, we infer that our in ovo drug dose, which
all spontaneous unit activity (Figures 1J and 1K) waswas given twice a day, was approximately 50 M and
altered by chronic picrotoxin treatment at St 23 by quan-thus in the physiological range.
tifying the number of units that fired between burstingFollowing in ovo treatment with picrotoxin from St 20,
episodes (see the Experimental Procedures). Althoughthe frequency of axial movements at St 23 (13–20 hr
the interval between rhythmic bursting episodes waslater) was significantly slowed to a value similar to the
increased by picrotoxin treatment from 2 to 4 min, theacute picrotoxin treatment (Figure 1C). Further, if such
number of unit firings between episodes was also signifi-embryos were dissected in 50 M picrotoxin, the fre-
cantly increased (Figure 1I). Thus, we conclude that al-quency of spontaneous episodes of electrical activity
though picrotoxin slows episodes of spontaneous burst-was also slowed in isolated cords (Figure 1B) but recov-
ing, it does not alter overall spontaneous activity (thatered to control values on drug washout. To assess the
occurring both within and between bursts; see the Ex-effect of this treatment at later stages, embryos were
perimental Procedures for further explanation). Thus,treated from St 20 to 21, when most of the lumbosacral
the effects described below cannot be simply attributedmotoneurons had been born and were in the process
to a quantitative reduction in overall activity.of migrating to their pool-specific positions in the ventral
horn (for review, see Shirasaki and Pfaff, 2002), until St
25–30. Suction electrode recordings were then obtained Chronic Drug Treatments that Slow or Block
Spontaneous Rhythmic Bursting Activity Earlyfrom limb nerves in isolated cords initially in the contin-
ued presence of the receptor antagonist. in Development Result in Misplaced
Motoneuron Cell BodiesEmbryos that were chronically treated with picrotoxin
exhibited no spontaneous bursting activity at St 25 (Fig- Motoneurons that innervate each muscle are clustered
together in discrete nuclei or pools in precise topo-ures 1D and 1G, top trace, asterisk), but upon drug
washout the episodes resumed (Figures 1D and 1G, graphic locations. Early retrograde labeling studies of
chick pools showed that motoneurons that innervatebottom trace) with a frequency similar to controls (chron-
ically treated in ovo with Tyrode’s solution). In slightly dorsal muscles reside only in the lateral part of the lateral
motor column (LMCl), while those that innervate ventralolder (St 25.5) picrotoxin-treated embryos, episodes
were not blocked but considerably slowed. However, muscles reside in the medial part of the lateral motor
column (LMCm) (Landmesser, 1978; Tsuchida et al.,from St 26.5 to 30, the frequency in chronically treated
picrotoxin embryos was similar to controls and changed 1994). To determine if the positioning of motoneurons
within pools was affected by alterations in spontaneouslittle after picrotoxin washout (Figure 1D). Therefore,
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Figure 2. The Location of Retrogradely Labeled Motoneuron Somata in St 30 Control and Chronically Drug-Treated Embryos
Cross-sections from the crural spinal cord showing the location of motoneurons labeled following HRP injection into the sartorius (A–C), the
femorotibialis (D–F), and adductor (G–I) muscles. The lateral motor column and its medial and lateral subdivisions are indicated by the dotted
white line. Arrows indicate misplaced somata not observed in control (A, D, and G) or chronic strychnine-treated (C, F, and I) embryos.
Histograms below each section are examples of the anterior-posterior location of all of the appropriately (gray bars) or inappropriately (black
bars) located somata in single control or drug-treated embryos. Calibration bar, 100 M.
bursting activity from St 23 to 25, motoneurons were cle): the sartorius and femorotibialis (both dorsal mus-
cles) and the adductor (a ventral muscle). Motoneuronsretrogradely labeled at St 30, shortly after muscle in-
nervation. Horseradish peroxidase (HRP) was injected labeled by each injection were visualized in cryostat
sections stained with an antibody against HRP andinto one of three hindlimb muscles (n 4 for each mus-
Spontaneous Activity Affects Motor Pathfinding
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Table 1. Proportion of HRP-Labeled Motoneurons with Misplaced Somata Following Chronic Picrotoxin Treatment
HRP-Injected Muscle (n  4) Total Labeled Motoneurons Misplaced Motoneurons Percent of Total
Sartorius 157 20 12.7
126 8 6.3
85 7 8.2
53 8 15.1
Femorotibialis 180 14 7.8
103 7 6.8
65 6 9.2
37 4 10.8
Adductor 88 11 12.5
79 9 11.4
73 5 6.8
66 7 10.6
counted, and their positions within the lateral motor Chronic Slowing or Blockade of Early
Spontaneous Bursting Episodescolumn were ascertained.
Produces Pathfinding ErrorsIn control Tyrode’s solution-injected embryos, all
In control embryos, motoneurons that innervate dorsalHRP-labeled motoneuron somata from an injected mus-
muscles (i.e., sartorius and femorotibialis) are Lim1/cle were clustered within the ventral horn of the spinal
Islet1 and are found laterally in LMCl, while those thatcord (sartorius, Figure 2A; femorotibialis, Figure 2D; and
innervate ventral muscles (i.e., adductor) are Lim1/adductor, Figure 2G) in positions that corresponded to
Islet1 and are found more medially in the LMCm (Tsu-previous pool descriptions (Landmesser, 1978). The sar-
chida et al., 1994). Figure 3A shows that all motoneuronstorius and femorotibialis motoneurons were both within
retrogradely labeled from the control adductor were lo-the LMCl, while adductor motoneurons were more medi-
cated medially within the LMCm. Further, all of those thatally located in the LMCm. No incorrectly positioned HRP-
had nuclei within the section and could therefore belabeled cell somata were detected in any control em-
characterized did not exhibit nuclear staining for Lim1,bryos. A histogram showing the distribution of normally
while those motoneurons belonging to the LMCl (to thelocated motoneurons (gray bars) and misplaced ones
right of the dotted line dividing these major subdivisions)
(black bars) along the anterior-posterior (a-p) axis of the
were all Lim1. In alternate sections stained for Islet1/2,
cord for one embryo is shown in Figure 2 below each all nuclei of motoneurons backlabeled from the adductor
picture of a frozen section from a control or drug- were Islet1 (data not shown). In contrast, motoneurons
treated embryo. retrogradely labeled from the sartorius were located very
In chronic strychnine-treated embryos, the sartorius laterally, within the LMCl, and were Islet1 (Figure 3B)
(Figure 2C), femorotibialis (Figure 2F), and adductor (Fig- and Lim1 (Figure 3C).
ure 2I) backlabeled motoneurons were also found in Following chronic picrotoxin treatment, many moto-
positions similar to controls. Moreover, no HRP-labeled neurons retrogradely labeled from the adductor muscle
somata were found in areas clearly outside the cluster. were located appropriately in the LMCm and were
However, following early activity blockade with picro- Lim1, similar to controls (Figure 3D), but others were
toxin, a number of sartorius (Figure 2B), femorotibialis inappropriately located in the LMCl in the position of
sartorius or femorotibialis pools (Figure 3D). The yellow(Figure 2E), and adductor (Figure 2H) backlabeled so-
box containing two misplaced neurons is magnified inmata (indicated by arrows) were misplaced along the
Figure 3G, showing that these cells (arrows) were bothmedial-lateral axis of the cord. These were found in all
Lim1. Had these been adductor motoneurons that hadpicrotoxin-treated embryos, and while their a-p distribu-
made a somal migration error, they should have beention varied slightly from embryo to embryo, they oc-
Islet1/Lim1. Since they expressed the transcriptioncurred throughout most of the a-p length of the pool.
factor code appropriate for the LMCl, we consideredAll were within segments that normally contribute to
these to be sartorius or femorotibialis motoneurons thatthe individual muscles. Table 1 shows the number of
had inappropriately innervated the adductor muscle. Inmisplaced motoneuron somata as a proportion of the
alternate sections stained for Islet1/2, no misplaced mo-number of HRP-labeled motoneurons for each muscle.
toneurons backlabeled from the adductor muscle were
The mean number of misplaced motoneurons expressed
found to be Islet1 (data not shown).
as a proportion of all labeled motoneurons for that pool Similarly, after retrogradely labeling motoneurons
was 10%, 8%, and 10% for the sartorius, femorotibialis, projecting to the sartorius in picrotoxin-treated em-
and adductor pools, respectively (n  4 per muscle). bryos, we detected motoneurons that were separated
These might represent either axonal pathfinding errors from the laterally located sartorius motoneuron pool and
or motoneuron somata that had failed to migrate to their in the position of the LMCm. These were Islet1, as
appropriate positions. To distinguish between these shown in the higher-magnification view (Figure 3H,
possibilities, we characterized the columnar identity of arrows) of the yellow box shown in Figure 3E. Such
the misplaced motoneurons by determining their ex- misplaced sartorius motoneurons were always Lim1
pression pattern of LIM transcription factors (Tsuchida (data not shown) and thus appeared to be adductor
motoneurons that had projected to the sartorius muscle.et al., 1994).
Neuron
692
Figure 3. Characterization of the LIM Transcription Factor Code of St 30 Retrogradely Labeled Motoneurons in Control and Picrotoxin-
Treated Embryos
In control embryos (A, B, and C), all motoneurons labeled from the adductor muscle were in the medial division of the lateral motor column
(LMCm) and were Lim1/2 (green) negative (A), while those labeled from the sartorius muscle were in the lateral division of the lateral motor
column (LMCl) and were Islet1/2 negative ([B]; red) and Lim1 positive (C). Following chronic picrotoxin treatment, motoneurons located out
of their normal pool location following HRP labeling from the adductor (D) or sartorius (E and F) muscles are enclosed in a yellow box and
shown at higher magnification in (G), (H), and (I). Following HRP injection of the adductor, motoneurons located in an inappropriate lateral
position (G) express Lim1/2 (green), consistent with a LMCl identity. Medially misplaced motoneurons labeled from the sartorius (H) express
Islet1/2, consistent with a LMCm identity. (I) Several motoneurons labeled from the sartorius are located in the position of the medial motor
column and are Lim1/2 negative. Calibration bar, 100 M in (A)–(F) and 20 M in (G) and (H). In (A)–(F), the outline of the lateral motor column
and its lateral and medial divisions are shown by the white dotted line.
The vast majority of misplaced motoneurons fell into The results of these experiments, which are quantified
in Table 2, indicate that we detected no displaced moto-these two classes, but in a few cases motoneuron so-
mata were observed even more medially, in the location neurons that were expressing the transcription factor
code appropriate for the muscle injected and wouldof the medial motor column (MMC), as in the example
of a sartorius-injected muscle (Figures 3F and 3I). Moto- thus be considered to represent somal migration errors.
Another possibility is that some motoneurons may haveneurons in the MMC at this level innervate epaxial (body
wall) muscles and are Lhx3 and Islet1 but Lim1 made somal migration errors but then changed their
transcription factor code to correspond to neurons(Sharma et al., 1998, 2000). While these neurons (within
the yellow box in Figure 3F and shown at higher magnifi- around them. This seems unlikely based on studies in
which the settling pattern of motoneurons was alteredcation in Figure 3I [arrows]) were Lim1 and thus did
not have a LMCl identity, since we did not stain for Lhx3, by perturbing patterns of cadherin expression, yet tran-
scription factor expression did not change (Price et al.,they cannot be unambiguously characterized as MMC
motoneurons. Nevertheless, these observations sug- 2002). All misplaced motoneurons that contained a nu-
cleus with clear expression of either Lim1 or Islet1, rep-gest that a small number of MMC axial motoneurons
may have inappropriately projected into the limb follow- resenting roughly 75% of the misplaced motoneurons,
were thus consistent with pathfinding errors. About 25%ing early blockade of spontaneous bursting activity.
Spontaneous Activity Affects Motor Pathfinding
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Table 2. LIM Code Expression of Misplaced Motoneurons
Total No. of Proportion Proportion Proportion of Proportion of
HRP-Injected Muscle (n  4) Misplaced Motoneurons of Lim1 of Islet1 Undetermined (LMC) Undetermined (MMC)
Sartorius (Lim1/Islet1) 43 0 (0%) 31 (72%) 9 (21%) 3 (7%)
Femorotibialis (Lim1/Islet1) 31 0 (0%) 26 (84%) 5 (16%) 0 (0%)
Adductor (Lim1/Islet1) 32 23 (72%) 0 (0%) 7 (22%) 2 (6%)
of the misplaced motoneurons did not have unambigu- We therefore determined the levels of NCAM and PSA
expression by coimmunostaining with monoclonal anti-ous nuclear staining for the transcription factor for which
bodies that recognized all isoforms of NCAM or PSA,that section was stained and would include cells that
respectively. In control embryos at St 24 (Figure 5L) andexpressed the other transcription factor or cells whose
St 25 (Figures 5A–5C and 5M), PSA levels were highernucleus was for the most part out of the plane of section.
on dorsal compared to ventral nerves, whereas NCAMThese were classified as of undetermined identity in
levels did not differ (Figure 5A). This differential expres-Table 2.
sion of PSA was maintained through St 29 (Figure 5N). In
embryos chronically treated with picrotoxin, PSA levelsSlowing the Frequency of Early Spontaneous Rhythmic
were markedly decreased on both St 24 and 25 axonsBursting Results in Alterations in Axonal
(Figures 5D–5F, 5L, and 5M). However, by St 29, whenFasciculation in the St 23–24 Plexus
the spontaneous bursting episodes had returned to con-The D-V pathfinding errors described above could result
trol frequency, PSA expression had been stronglyif alterations in adhesion/guidance molecule expression
upregulated on both dorsal and ventral axons (Figureresulted in changes in the fasciculation and sorting of
5N), with expression on dorsal axons being higher asaxons as they made this important pathfinding decision.
in controls.To assess alterations in this process, in ovo electropora-
These observations suggest that PSA expression istion of a construct for enhanced GFP under the control
rapidly responsive to the level of spontaneous rhythmicof the HB9 promoter (a generous gift from Samuel Pfaff)
bursting activity throughout the period of axonal out-labeled motor axons, which were visualized in thick vi-
growth into the limb. This idea is supported by the ef-bratome slices as they began to sort into dorsal and
fects of chronic strychnine treatment. From St 24 to 25,ventral trunks in the St 23.5 plexus. Axons have pre-
when strychnine did not affect the frequency of sponta-viously been shown to take individual trajectories that
neous bursting episodes, PSA was higher on dorsal thanreveal many changes in direction as they sort into both
on ventral axons, similar to controls (Figures 5L and 5M).dorsal and ventral nerve trunks and muscle-specific fas-
This differential expression was maintained with chroniccicles (Tang et al., 1992, 1994). We observed similar
strychnine treatment until St 29, but the expression ofbehavior in St 23.5 and 24 control embryos (Figures 4A
PSA on dorsal axons was significantly increased (Figureand 4B). However, in chronic picrotoxin-treated em-
5N) compared to controls. Thus, throughout the periodbryos, while axons diverged from the common nerve
of axon outgrowth and initial muscle innervation, spon-trunk in the plexus, they remained clumped in large
taneous rhythmic bursting activity is able to modulatefascicles that made common changes in trajectory (Fig-
the levels of PSA on motor axons, although dorsal andure 4C). Thus, the same treatment that caused D-V path-
ventral axons respond to these alterations in activityfinding errors altered the fasciculation behavior of axons
differentially. The alterations in PSA expression pro-at the time of this important pathfinding decision.
duced by picrotoxin were specific for motoneurons,
since PSA expression on commissural axons (arrows),
Chronic Slowing or Blockade of Early Rhythmic cells dorsal to the LMC, and cells in the myotome (aster-
Bursting Activity Decreases the Expression isks) was not affected (Figures 5J and 5K). These sec-
of Polysialylated NCAM on Motoneurons tions also show that PSA was globally downregulated on
The enzymatic removal of polysialic acid (PSA) from motoneurons, including their somata as well as axons.
NCAM during the period of axonal reorganization and If activity was instructive for PSA-NCAM expression
initial D-V pathfinding results in apparent motoneuron (Sengpiel and Kind, 2002), increasing the frequency of
pathfinding errors (Tang et al., 1992, 1994), which resem- spontaneous bursting should have resulted in increased
ble those seen in the present study. Addition of the PSA expression. In a separate study (M.G.H. and L.T.L.,
large negatively charged carbohydrate PSA to NCAM unpublished data), we found that chronic treatment with
facilitates defasciculation of axons, possibly allowing sarcosine, an inhibitor of the glycine transporter GLYT1
them to better respond individually to guidance cues or (Lopez-Corcuera et al., 1989; Gomeza et al., 2003) in-
to refasciculate with axons belonging to the same pool creased the frequency of bursting episodes, presumably
(Rutishauser and Landmesser, 1996). NCAM levels do by enhancing the effect of endogenously released gly-
not differ between dorsal and ventral axons during axon cine. Although the interepisode interval in sarcosine-
pathfinding, but PSA expression is much higher on dor- treated embryos decreased to 0.71  0.03 min com-
sal as compared to ventral axons (Tang et al., 1992). At pared to 1.9  0.15 min for controls, the expression of
later times, during axon ingrowth within muscles, PSA PSA-NCAM was not significantly altered (Figure 5Q).
expression on motor axons increased following neuro- Thus, we conclude that activity is acting in a permis-
muscular activity (Landmesser et al., 1990), but its sensi- sive manner.
Spontaneous bursting activity was not required for thetivity to activity at earlier stages was unknown.
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Figure 4. The Behavior of St 23–24 Axons in the Plexus Region in Control and Picrotoxin-Treated Embryos
The trajectories of individual enhanced GFP-labeled motor axons were reconstructed from thick vibratome sections cut transverse to the
cord (examples shown at top) using Neurolucida software after in ovo electroporation of the GFP construct under the control of the HB9
promoter at St 16. Below are shown a number of such trajectories, individually color coded and superimposed, for St 23.5 control (A), St 24
control (B), and St 24 chronic picrotoxin treatment (C). Calibration bar, 100 M.
normal expression of many other cell surface adhesion/ neurofilament revealed strong EphA4 expression on the
dorsally projecting axons and essentially undetectableguidance molecules. For example, NCAM itself was not
affected by any of the treatments, and T-cadherin was levels on those projecting ventrally (arrow). Chronic
treatment with strychnine, which did not alter earlyalso not affected (data not shown). Figure 5P shows that
the level of the receptor tyrosine phosphatase CRYP	, a bursting patterns, resulted in a pattern of EphA4 expres-
sion similar to control (Figures 6G–6I and 6O). In con-homolog of Drosophila DLAR and a candidate for medi-
ating motor axon guidance and fasciculation (Stoker et trast, chronic picrotoxin treatment, which slowed spon-
taneous bursting activity at St 23 and blocked it at St 25,al., 1995; Stoker, 2001) was also not affected by blocking
or slowing rhythmic bursting activity at either St 24 or resulted in a downregulation of EphA4 from the dorsally
projecting axons at St 25 (Figures 6D–6F and 6O) andSt 29.
St 24 (Figure 6N). In control embryos, the strong expres-
sion of EphA4 on dorsal axons persisted at St 28 andBlocking or Slowing Early Rhythmic Bursting Results
29 (Figures 6P and 6Q), a time at which axons had begunin a Reduction in the Expression of EphA4
to innervate their respective muscles. By St 29, whenon Dorsally Projecting Motor Axons
picrotoxin no longer affected the frequency of burstingWhile the molecular basis of the segregation of motor
episodes, EphA4 expression on dorsal axons had re-axons into pool-specific fascicles and their subsequent
turned to control levels (Figure 6Q). In contrast, strych-guidance to specific muscles (Landmesser, 2001) is
nine, which blocked bursting at this stage, now resultedlargely unknown, signaling between the EphA4 receptor
in a downregulation of EphA4 expression on dorsal ax-kinase and its ephrin ligands contributes to the D-V
ons (Figure 6Q). Thus, expression of EphA4 on motorpathfinding decision. As motor axons begin to sort in
axons appears to require spontaneous rhythmic burst-the plexus area, EphA4, a receptor for inhibitory ephrin
ing both during the period that axons are making D-Vligands that are expressed in the ventral limb mesen-
pathfinding decisions (St 24–25) and later as they beginchyme, becomes downregulated on ventrally projecting
to grow into and innervate their muscles (St 28–30).axons (LMCm) and upregulated on dorsally projecting
The differential expression of EphA4 on dorsal versus(LMCl) axons (Eberhart et al., 2000). Furthermore, when
ventral axons could be achieved by local regulation inEphA4 expression was induced experimentally on LMCm
the growing axons, either by alteration in the translationmotoneurons, their axons were caused to project dor-
of message (Campbell and Holt, 2001) or by alterationssally (Eberhart et al., 2002; Kania and Jessell, 2003).
in the insertion or stabilization of the EphA4 protein onThus, this differential pattern of EphA4 expression con-
the axon. A differential pattern of EphA4 protein expres-tributes to the correct selection of a dorsal versus ventral
sion on medial versus lateral motoneuron somata wastrajectory (see also Helmbacher et al., 2000).
apparent at St 28 (Eberhart et al., 2000), but the patternDifferential EphA4 expression was also observed on
at earlier stages was not reported. We did not detectmotor axons in control embryos that were chronically
treated with Tyrode’s solution. Costaining for EphA4 and obvious differences in EphA4 protein expression on
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Figure 5. The Expression of PSA-NCAM on LMCl and LMCm Motoneurons Following Chronic Picrotoxin or Strychnine Treatment
(A), (D), and (G) show immunostaining with an antibody that recognizes all isoforms of NCAM, and (B), (E), and (H) show immunostaining for
PSA-NCAM in transverse limb sections at the level of the plexus. The color panels at right show the merged NCAM (green) and PSA-NCAM
(red) images. In St 25 control (A–C) and strychnine-treated (G–I) embryos, PSA is expressed more strongly on dorsal than on ventral (arrows)
axons but is downregulated on both by picrotoxin treatment (D–F). (J and K) Cross-sections of St 25 control and picrotoxin-treated spinal
cords, immunostained for PSA (top) and NCAM (bottom). Following picrotoxin treatment, PSA is downregulated in the LMC that contains the
motoneuron somata, but its expression on commissural axons (arrows) and on cells in the myotome (asterisks) is not affected. (L)–(N) show
bar graphs quantifying PSA levels on dorsal and ventral axons relative to control dorsal and ventral axons for St 24, 25, and 29, respectively.
At both St 24 and 25, PSA is significantly reduced (asterisks) from control values following picrotoxin (p  0.05) but not strychnine treatment.
(O and P) Similar quantification for the expression of CRYP	 at St 24 and 29. (Q) Following sarcosine treatment, PSA levels were not altered
significantly. Calibration bar, 200 M for (A)–(I) and 100 M for (J) and (K).
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Figure 6. EphA4 Expression on St 24–29 Motoneurons
(A), (D), and (G) show immunostaining for neurofilament 160 (NF-160), while (B), (E), and (H) show EphA4 immunostaining for St 25 axons, in
sections transverse to the limb at the divergence of the dorsal and ventral nerve trunks, in control or picrotoxin- or strychnine-treated embryos.
Color panels at right show the merged images of NF-160 (green) and EphA4 (red). In St 25 control (A, B, C, and O) and strychnine-treated (G,
H, I, and O) embryos, EphA4 is expressed on dorsal but not ventral axons (arrows). Chronic picrotoxin treatment resulted in downregulation
of EphA4 from dorsal axons at St 25 (D, E, F, and O) and St 24 (N). St 28 and 29 control embryos still exhibit the differential D-V staining for
EphA4, expressed as a percent of control values (P and Q). Chronic picrotoxin-treated embryos have now begun to upregulate, while those
treated with strychnine have downregulated EphA4 on dorsal axons. Asterisks indicate values that differ significantly from control values (p 
0.05). (R) Increasing the frequency of spontaneous episodes with sarcosine treatment does not affect EphA4 expression. (J and K) Cross-
sections of spinal cord from St 24 control and picrotoxin-treated embryos immunostained for EphA4. (L) and (M) (left panels) show corresponding
levels of EphA4 mRNA at St 24 revealed by in situ hybridization, while right panels show Lim1 and Islet1 immunostaining of the same sections.
LMCs are encircled by dotted lines. Calibration bar, 200 M for (A)–(I) and 100 M for (J)–(M).
motoneuron somata in the LMC in St 24 control versus are predominately clustered medial to the LMCm moto-
neurons (Figure 6L, right panels). Thus, a strong down-picrotoxin-treated embryos (Figures 6J and 6K). At this
stage, LMCl motoneurons have not yet completed their regulation of EphA4 on these neurons should have been
detectable. Preliminary data on in situ hybridization alsomigration and, as revealed by their expression of Lim1,
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Figure 7. The Effect of Blocking Spontaneous Rhythmic Bursting from St 25 to 30 with Combined Strychnine/Picrotoxin Treatment on the
Expression of Islet1 and Lim1
Panels show immunostaining for Lim1 (green; [E and F]) and Islet1 (red; [G and H]) or both (A–D) in transverse sections of lumbar spinal cord.
Medial is left; dorsal is up. The LMC is encircled by a dotted line. Asterisks indicate the location of the adjacent dorsal root ganglion. The
control pattern of Lim1/2 and Islet1/2 staining at St 25 and 26 (A and C) was not altered following combined picrotoxin and strychnine treatment
(B and D). However, by St 30 Lim1/2 was essentially absent from the LMCl cells (F) compared to control (E), where robust staining was evident
in the lateral cells. Compared to control (arrowhead in [G]), Islet1/2 was also strongly downregulated from the medial motoneurons (H), although
some weakly stained cells (arrowhead) were still present. Downregulation of Islet1/2 on dorsal root ganglion cells (asterisks in [G] and [H])
did not occur, but downregulation of these factors in lumbar interneurons did. Calibration bars, 100 M.
did not reveal differences in EphA4 message between LMCm Islet1-expressing (red) cells. This was also true
of embryos treated with combined strychnine/picrotoxincontrol and picrotoxin-treated embryos (Figures 6L and
6M, left panels). However, EphA4 message was consis- (Figure 5B; Lim1 cells medial and dorsal to the LMC
are interneurons). However, by St 26 in both controlstently higher in Lim1 expressing presumptive LMCl mo-
toneurons (right panels). This suggests that the differen- (Figure 7C) and picrotoxin/strychnine-treated embryos
(Figure 7D) most of the Lim1 LMCl motoneurons hadtial expression between control dorsal and ventral axons
at St 24–25 may be, at least in part, transcriptionally completed their migration to a position lateral to the
Islet1 LMCm motoneurons. This is also evidence thatregulated. In contrast, the downregulation of EphA4 on
distal axons produced by picrotoxin treatment appears neither the blockade of GABAA or glycine receptors nor
the accompanying block of spontaneous bursting activ-to be locally regulated, although the precise mecha-
nisms remain to be determined. ity affects the migration of motoneurons. In several sys-
tems, neuronal migration was affected by GABA applica-The spinal cord sections (Figures 6J and 6K) also
reveal that picrotoxin treatment did not alter EphA4 ex- tion (Behar et al., 1994; Fueshko et al., 1998).
Since the expression of Lim1 and Islet1 was not af-pression in other tissues such as the myotome (asterisk)
or distal limb bud (data not shown). Thus, similar to PSA, fected by blockade of rhythmic bursting at least up until
St 26, the activity-dependent regulation of EphA4 ex-picrotoxin treatment is selectively affecting EphA4 levels
on motoneurons. The fact that EphA4 levels were unal- pression on distal axons, which was evident as early as
St 24, must be via a different pathway. Our observationstered when the frequency of spontaneous activity was
increased following chronic sarcosine treatment (Figure that EphA4 protein levels may be regulated locally in
the axons is consistent with this observation. The data6R) indicates that, as for PSA-NCAM, activity was acting
in a permissive manner to regulate EphA4 expression. also show that blocking the bursting activity has not
altered the columnar identity of LMCm and LMCl moto-Recently, it has been shown (Kania and Jessell, 2003)
that when Lim1 expression was experimentally in- neurons. By St 30, however, there was a strong down-
regulation of both Lim1 and Islet1 from LMC motoneu-creased or reduced there were corresponding changes
in levels of EphA4 on St 26 chick motoneurons. Thus, rons treated with both picrotoxin and strychnine (Figures
7F and 7H) compared to controls (Figures 7E and 7G).in our experiments, altering rhythmic bursting activity
at early stages may have affected EphA4 levels indirectly The downregulation of these transcription factors was
selective for limb-innervating motoneurons, as we didvia effects on Lim1 expression. However, St 25 and 26
embryos that were chronically treated with picrotoxin not detect differences in their expression in axial moto-
neurons at thoracic levels (data not shown) or in DRGor strychnine had expression patterns of both Lim1 and
Islet1 proteins that did not differ from control embryos cells (Figures 7G and 7H; asterisks).
(data not shown). Similar results were obtained for em-
bryos chronically treated with both picrotoxin and Discussion
strychnine and shown in Figure 7. In St 25 controls (Fig-
ure 7A), many Lim1 (green) LMCl motoneurons had In contrast to the generally accepted view that sponta-
neous electrical activity is for the most part importantnot yet migrated to take up their position lateral to the
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only in the refinement of axonal projections and synaptic under the control of the HB9 promoter, would suppress
all activity or all motoneuron activity and thus not allowconnections within a target (Katz and Shatz, 1996), the
present study has shown that rhythmic bursting activity us to make this distinction. How might slowing the rhyth-
mic episodes, which occur every 2–3 min at the relevantis also required for spinal motoneurons to make accu-
rate early pathfinding decisions. We observed that slow- developmental stages, result in pathfinding errors? In
the visual system, where blockade of retinal waves,ing or blocking rhythmic bursting activity at early devel-
opmental stages resulted in D-V pathfinding errors in which occur at a similar frequency, causes alterations
in retinal projections (Penn et al., 1998; Bansal et al.,all motoneuron pools examined. In ovo drug treatments
that produced pathfinding errors also altered the ex- 2000; Rossi et al., 2001; Grubb et al., 2003; McLaughlin
et al., 2003), it is generally considered that the degree ofpression pattern of PSA on NCAM and of EphA4, both
of which have been shown to play a role in lumbar motor correlated activity across the retina is used to generate
competitive, Hebbian-like interactions involving axonsaxon pathfinding (Tang et al., 1992, 1994; Helmbacher et
al., 2000; Eberhart et al., 2002; Kania and Jessell, 2003). and their synaptic targets to produce map refinement.
Since the D-V pathfinding errors made by motor axonsThe present study extends our understanding of the
type of activity that is important at these early develop- occurred shortly after they had exited the cord and long
before they had reached their targets, alterations in axo-mental stages and provides insights into how altering such
activity may affect the accuracy of axonal pathfinding. nal fasciculation and the expression of cell adhesion/
guidance molecules are more likely explanations inWhile previous studies (Milner and Landmesser, 1999) had
only recorded spontaneous rhythmic motoneuron activity our system.
Both the frequency and pattern of stimulation andfrom St 24, when the initial D-V pathfinding decision had
largely been made, we have now documented that such ensuing calcium transients can regulate the expression
of specific subsets of genes (Itoh et al., 1995, 1997;bursting activity exists as early as St 22.5. Furthermore,
simply slowing the frequency of this activity by half for Dolmetsch et al., 1997; Chang and Berg, 2001). In devel-
oping Xenopus spinal cord, the GAD 67 protein is sensi-15–20 hr resulted in dramatic alterations in the fascicula-
tion behavior of motor axons in the plexus at St 23, as tive to the frequency of such transients, and three tran-
sients per hour is sufficient to result in its upregulationthey were executing the D-V pathfinding decision. This
observation implies alterations in the expression of mol- (Watt et al., 2000). Furthermore, different signaling path-
ways can be activated by different patterns of stimuli.ecules that mediate axonal fasciculation. Indeed, one
of these that we observed, a reduction in PSA as early For sustained activation of the MAP kinase pathway in
hippocampal neurons, a series of strong depolarizationsas St 24, is consistent with previous studies (Tang et
al., 1992, 1994) in which enzymatic removal of PSA re- (which would probably be equivalent to our synchro-
nized bursting episodes) that are spaced at 10 min inter-sulted in altered fasciculation behavior in the plexus and
pathfinding errors similar in type and extent to those vals is required (Wu et al., 2001). A single sustained
depolarization was ineffective. Thus, there is precedentdescribed here. Those studies proposed that PSA was
needed to reduce axon-axon adhesion, facilitating the for strong depolarizations, at similar intervals to those
of in vivo spontaneous rhythmic episodes, affecting sig-regrouping of axons into muscle-specific fascicles and
better allowing individual axons to respond to guidance naling pathways that in turn alter gene transcription. In
addition, local alterations in the translation of proteinscues. This model, in which PSA simply facilitates the
ability of axons to respond to other guidance cues, is in the growth cone (i.e., Campbell and Holt, 2001) or
even the stabilization or removal of such molecules fromconsistent with our observations that pathfinding errors
consistently occurred in all motoneuron pools but only the growth cone could be activity dependent and affect
pathfinding, possibilities that we plan to test.at a moderate level. We observed a reduction in the
expression of EphA4 on dorsal projecting axons that Calcium transients, occurring prior to synaptic, cir-
cuit-driven activity, can affect the transmitter phenotypealso could contribute to pathfinding errors by this sub-
class of motoneurons. Additional studies will be required of Xenopus spinal neurons (Borodinsky et al., 2004). At
slightly later stages, our blockade of early circuit-drivento define the extent to which individual molecular
changes contribute to the observed pathfinding errors. bursting activity did not appear to affect transmitter
phenotypes, since upon drug washout, both the activa-Secondly, we have demonstrated that the chronic pic-
rotoxin treatment that resulted in alterations in axonal tion of muscles by motoneurons and the behavior of the
cord circuit itself were normal. Prolonged blockade offasciculation and adhesion/guidance molecule expres-
sion at St 23–24 only slowed but did not block spontane- rhythmic activity did result in the downregulation of Is-
let1 and Lim1, transcription factors that are importantous rhythmic bursting at these early stages. Since this
treatment also resulted in an increase in asynchronous in motoneuron subtype specification (Kania et al., 2000;
Kania and Jessell, 2003). However, since this only oc-motoneuron unit firing between bursts, the overall levels
of motoneuron activity were not substantially altered. curred at St 30, it could not have contributed to the
earlier pathfinding errors or changes in PSA and EphA4Thus, the relatively brief picrotoxin treatment (15–20 hr),
which should block only GABAA receptors at the concen- expression but could affect later features of motoneuron
differentiation, including more specific aspects of path-trations used, allowed us to distinguish which aspects
of activity were important in the activity-mediated phe- finding, topography within muscles, as well as the cen-
tral properties of the motoneurons. In summary, the pre-nomena that we describe. Our observations point to the
rhythmic and relatively synchronous activation of the cise developmental timing of activity blockade will likely
determine which aspects of motoneuron differentiationcord circuits as the relevant variable. Other methods,
such as Tetrodotoxin application or keeping motoneu- and behavior are affected.
In conclusion, this study demonstrates that spontane-rons hyperpolarized by expressing certain K channels
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Immunohistochemistryous rhythmic bursting activity is required for accurate
In HRP-injected embryos, the sections were incubated with antibod-motoneuron pathfinding and the normal pattern of ex-
ies against HRP (anti-HRP, goat, Jackson ImmunoResearch, PA)pression of several adhesion/guidance molecules. To-
and colabeled with antibodies against Lim1/2 (4F12, DSHB, Iowa)
gether with studies in the visual system (McLaughlin et or Islet1/2 (mouse: 39.4D5, DSHB, IA; rabbit: gift from Dr. S. Pfaff)
al., 2003; Grubb et al., 2003) that show that retinal waves overnight. To determine the levels of expression of EphA4, PSA-
NCAM, and CRYP	 sections were stained with antibodies to neuro-are required for the refinement of visual projections in
filament (NF-160, supernatant) conjugated to Alexa 488 (Molecularboth LGN and colliculus, these observations demon-
Probes, Eugene, OR) in combination with either antibodies to thestrate that rhythmic electrical activity affects distinct
EphA4 receptor (EphA4, Zymed Laboratories, Inc., CA) or anti-processes at different stages of neural circuit develop-
CRYP	 (graciously donated by Dr. A. Stoker) and incubated over-
ment. The precise mechanisms by which activity influ- night. Adjacent sections were stained with monoclonal antibodies
ences these different processes and interacts with the (from Urs Rutishauser) for chick NCAM (5E) and chick PSA-NCAM
(5A5) and incubated overnight. After rinsing, the sections were incu-many molecular signals that have been characterized
bated with Cy3 anti-goat and Cy2 anti-mouse secondary for 1.5 hr,remain to be determined.
respectively (Jackson ImmunoResearch), mounted using ProLong
Antifade Kit (Molecular Probes, Inc., OR), and visualized using Mag-Experimental Procedures
naFire 2.0 software (Olympus America) on an upright Nikon Micro-
phot-FX (Nikon, Japan).Chronic Drug Treatments
In situ hybridization for EphA4 was performed as described byWhite leghorn chick embryos were incubated until St 18, when a
Schaeren-Wiemers and Gerfin-Moser (1993).square hole was made in the shell and surrounded by a lip of paraffin.
An elongated pipette tip was inserted through the paraffin, and
the hole was sealed with a coverslip. Twice a day, specific drug Fluorescence Quantification
antagonists, picrotoxin (0.1 mg/day) or strychnine (1 mg/day) dis- Images were captured with a digital camera (Olympus MagnaFire,
solved in sterile Tyrode’s solution, were administered through the Olympus America) using the MagnaFire 2.0 software and imported
pipette until the desired stage. into Metamorph Imaging Analysis software (4.0, Universal Imaging
Corporation, PA). To compare changes in expression of the mole-
cules of interest (PSA-NCAM, EphA4, CRYP	), two channels of fluo-Recording of Spontaneous Bursting Episodes in an Isolated
rescence were captured and aligned in a stack. The first channelSpinal Cord-Hindlimb Preparation
consisted of an internal control to compensate for variability ofAs previously reported in Landmesser and O’Donovan (1984), em-
section thickness, limb orientation, or the density of axons withinbryos were decapitated, eviscerated, and dissected in cool oxygen-
each section. It generally consisted of NF-160 immunostaining,ated Tyrode’s solution (Landmesser and O’Donovan, 1984) for con-
since this stained all axons equivalently and NF-160 expression didtrol embryos, in 50 M picrotoxin in Tyrode’s solution for chronic
not differ between dorsal and ventral axons or following the differentpicrotoxin-treated embryos, and in 5 M strychnine in Tyrode’s
drug treatments. The internal control for PSA expression was NCAMsolution for chronic strychnine-treated embryos. The spinal cord
expression, since it too did not differ between dorsal or ventralwas exposed via a ventral laminectomy, and hindlimb motor nerves
axons or following drug treatments. The second channel recordedwere exposed. The preparation was warmed to 30
C and continually
levels of PSA, EphA4, or CRYP	, which was then expressed as asuperfused with oxygenated Tyrode’s solution with or without spe-
ratio of it over the internal control. To compare the mean pixelcific receptor antagonists. Nerve recordings were made using fine-
intensity of the immunostained axons of interest under differenttip suction electrodes pulled from polyethylene tubing (PE-190; Clay
conditions, we first made masks around each region of interestAdams, NJ) and recorded via amplifiers (P15D, Grass Amplifier con-
(ROI), for example, the dorsal or ventral axon region. The softwarenected with FLA-01; Cygnus Technology, Inc, PA) directly on the
then calculated the mean pixel intensity for the region within eachcomputer with Axoscope 8 (Axoscope, CA). Significance of data
mask. To compensate for alteration in background levels, each maskwas evaluated by Student’s t test, which determined the p value
was duplicated and shifted into a nonaxonal region of the tissue.(SigmaPlot 2.0; Jandel Corp.). A p value below 0.05 was consid-
This background value was subtracted from the value of the ROI.ered significant.
Because the pictures from each channel were stacked, the masks
from the internal control were transferred onto the second channel’sQuantification of Unit Activity at St 23
ROI and background regions. These mean pixel intensity values ofTo quantify the spontaneous unit activity occurring both within
the second channel’s ROI were subtracted from the backgroundrhythmic episodes and asynchronously between episodes, suction
region’s mean pixel intensities. The second channel’s mean pixelelectrodes were used to record from axon fascicles in the spinal
intensity was then divided by that of the internal control to give anerve. All units above twice noise level were counted in control
mean pixel intensity of the molecule of interest relative to internaland chronic picrotoxin-treated embryos (n  4 each treatment). To
control. Next, the ratios for the particular ROI’s mean pixel intensitynormalize for differences in the total number of units in individual
were averaged for a number of sections from at least three differentsuction electrode recordings, the number of unit firings within the
embryos. These values were then binned according to develop-rhythmic bursts was averaged for each embryo. The number of unit
mental stages. Lastly, within each stage of development, the aver-firings occurring between bursts was also counted (expressed as
aged ratio of mean pixel intensity of the dorsal axon’s ROI in Tyrode’sunits/min), averaged for each embryo, and then divided by the
solution-treated control embryos was used to normalize all otherwithin-burst average.
ROIs from the different treatments. Significance was determined
through ANOVA and Student’s t test.Retrograde Labeling of Motoneurons with HRP
This protocol is a modification of that described in Hanson and
Landmesser (2003). St 30 chick sartorius, femorotibialis, or adductor In Ovo Electroporation of GFP and Imaging of Motor Axons
A DNA construct containing an enhanced GFP with the HB9 pro-muscles in isolated spinal cord-hindlimb preparations were injected
with 10% HRP and incubated for 6 hr at 32
C in oxygenated Tyrode’s moter (9Kb; a gift from Samuel Pfaff) was cloned into the BSKS
vector. The plasmid DNA was electroporated into St 16 chick neuralsolution to allow for retrograde transport to motoneurons. The em-
bryos were fixed in 3.7% formaldehyde for 1 hr at room temperature tubes. After subsequent chronic treatments with picrotoxin or Ty-
rode’s solution, embryos were fixed between St 23 and 24, vibra-and then washed with PBS. The embryos were washed in 5% su-
crose-PBS for 1 hr, placed in 30% sucrose-PBS overnight at 4
C, tome sectioned at a thickness of 150 M, and mounted in Prolong
antifade (Molecular Probes). Individual axons or small axon fasciclesplaced in a 1:1 mixture of 60% sucrose and tissue-freezing medium
(Triangle Biomedical Sciences, Durham, NC), then frozen in dry ice- were followed through different focal planes from the entrance into
the plexus to their axon tips and reconstructed using Neurolucidacooled isopentane and cryostat sectioned at30
C at 16 m (Cryo-
cut1800; Leica, Germany). software (MicroBrightField, Inc., VT). Individual trajectories were
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color coded, exported to Neuroexplorer (MicroBrightField, Inc.), and Erzurumlu, R.S., and Kind, P.C. (2001). Neural activity: sculptor of
‘barrels’ in the neocortex. Trends Neurosci. 24, 589–595.superimposed in a single figure.
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